[1] Using the statistical CRRES measurements of the electric field intensities of lower band chorus (LBC) and upper band chorus (UBC) around L = 6 under geomagnetically moderate conditions, we evaluate the variations in modeled magnetic field spectral intensity and the resultant changes in resonant scattering rates of plasma sheet electrons caused by different choices of the wave normal distribution. UBC scattering rates inferred from electric field measurements show a common trend of decreasing scattering with increasing peak wave normal angle, m , for the plasma sheet electrons at all resonant pitch angles. This trend is mainly due to the lower power of magnetic field as derived from the electric field measurements for oblique waves. The LBC resonant diffusion inferred from electric field measurements shows a considerable increase in scattering rates with increasing m for ∼1 keV electrons at all resonant pitch angles and for 3-30 keV electrons over certain ranges of pitch angles, which is contrary to the decrease in wave magnetic field amplitude and results mainly from the decrease in resonant energy and redistribution of the majority of wave power at large wave normal angles for increased peak wave normal angle. LBC-induced scattering rates of 3-10 keV electrons decrease with increasing m at low pitch angles, consistent with the decrease in wave magnetic field amplitude when m increases. Our investigation demonstrates that the knowledge of the wave normal distribution of LBC and UBC is essential for an accurate quantification of the net resonant scattering rates and loss timescales of the plasma sheet electrons for an improved global simulation of diffuse auroral precipitation and the evolution of plasma sheet electron pitch angle distribution if only measurements of wave electric field intensity are available. In contrast, the diffuse auroral scattering rates calculated from magnetic field measurements are much less sensitive to the assumption on wave normal angle distribution. While UBC scattering with constant magnetic field power is roughly insensitive to the assumed wave normal distribution, LBC scattering with constant magnetic field power becomes more dependent on the assumed wave normal angle distribution, especially for ∼1 keV electrons. 
Introduction
[2] Characteristically, whistler mode chorus waves occur in two frequency bands, a lower band ( f < 0.5 f ce ) and an upper band (0.5 f ce < f < f ce ), where f is the wave frequency and f ce is the equatorial electron gyrofrequency [Burtis and Helliwell, 1976; Meredith et al., 2001] . Although the mechanism for the generation of the gap at 0.5 f ce remains unresolved, recent studies [Ni et al., , 2011b Su et al., 2009 Su et al., , 2010 Thorne et al., 2010; Tao et al., 2011a] have demonstrated that the two bands of nightside (00-06 MLT) chorus emissions play distinct roles in driving resonant scattering of the plasma sheet electrons with a pronounced dependence on both kinetic energy and pitch angle. Scattering by upper-band chorus (UBC) and lower-band chorus (LBC) acts in combination as the major contributor to the occurrence of the diffuse aurora and the formation of electron pancake distribution peaked at 90°pitch angles in the inner magnetosphere. Resonant scattering by UBC is capable of precipitating ∼100 eV to ∼2 keV electrons on a timescale approaching the strong diffusion level [Ni et al., , 2011b Thorne et al., 2010] , and also accounts for the formation of the pancake distribution for <∼2 keV electrons. In contrast, LBC is most effective for precipitating >2 keV plasma sheet electrons. Net scattering by LBC and UBC on the nightside can cover a wide energy range from ∼100 eV to >100 keV and a broad interval of equatorial pitch angle, thereby accounting for the enhanced electron anisotropy and the formation of electron pancake distribution that are frequently observed during the transport of electrons from the nightside to the dayside following their injection from the plasma sheet [Meredith et al., 1999 [Meredith et al., , 2000 Li et al., 2010; Tao et al., 2011a] .
[3] To quantitatively examine the chorus-driven scattering effects on the diffusive transport of plasma sheet electrons toward the loss cone and ultimate diffuse auroral precipitation into the atmosphere, quasi-linear diffusion coefficients need to be evaluated using a model of chorus waves described by a group of parameters that include the magnetic field wave amplitude, wave frequency spectrum, wave latitudinal distribution, and wave normal angle distribution [e.g., Lyons, 1974a Lyons, , 1974b Summers, 2005; Albert, 2005 Albert, , 2007 Albert, , 2008 Horne et al., 2005; Thorne et al., 2005 Thorne et al., , 2007 Thorne et al., , 2010 Summers et al., 2007a Summers et al., , 2007b Summers and Ni, 2008; Shprits et al., 2007; Ni et al., 2008; Shprits and Ni, 2009; Su et al., 2009 Su et al., , 2010 Tao et al., 2011a] . While quasi-linear theory omits the nonlinear effects such as phase trapping by the wavefield, it has been well established and has been used successfully to provide an effective overall description of chorus-driven resonant diffusion at radiation belt energies by numerous publications. For instance, quasilinear scattering has been remarkably effective at quantifying both the rates of microburst scattering loss by chorus [Thorne et al., 2005] and the rates of local acceleration to relativistic energies Thorne et al., 2007; . Albert [2010] , using the two formulations of diffusion which are conceptually different, demonstrated that suitably averaging the monochromatic diffusion coefficients over chorus frequency and wave normal angle parameters can favorably reproduce the full broadband quasi-linear results. A recent study by Tao et al. [2011b] also found that a fully relativistic Lorentz test particle simulation of scattering induced by a broadband, incoherent, small-amplitude wavefield gives diffusion results in an excellent agreement with those derived from the quasi-linear theory of Kennel and Engelmann [1966] . These studies, together with numerous previous publications, have well justified the adoption of quasi-linear theory for this study which concentrates on the average scattering rates of plasma sheet electrons by statistically averaged chorus emissions.
[4] As an excellent database for plasma waves that contains a broad frequency range from 5.6 Hz to 400 kHz, a dynamic range covering a factor of 10 5 in amplitude, and a good coverage of the low-latitude (|l| < ∼25°) radiation belt region [Anderson et al., 1992] , the wave observations from the CRRES Plasma Wave Experiment have been extensively used to construct the global distribution and emission characteristics of chorus waves in the inner magnetosphere [Meredith et al., 2001 , but unfortunately only measurements of electric field are available. As a consequence, wave normal angle information is required to convert the observed electric field data to magnetic field data for the quantification of scattering rates. An assumption of parallel propagation has been usually adopted to analyze the CRRES electric field wave data [e.g., Meredith et al., 2003; Ni et al., 2011a Ni et al., , 2011b . There are a number of studies on the source and propagation properties of chorus emissions indicating that chorus propagates primarily parallel or quasi-parallel to the ambient magnetic field in the equatorial source region [e.g., Thorne and Kennel, 1967; Burton and Holzer, 1974; Goldstein and Tsurutani, 1984; Hospodarsky et al., 2001; Santolík et al., 2003] , consistent with theoretical predictions Bortnik et al., 2007] . However, direct or indirect observations of chorus wave normals in other cases suggested that the generation of chorus emissions, particularly at off-equatorial positions, occur with much higher wave normal angles with a dependence on the chorus band. For instance, using the wave measurements from Ogo 5 search coil magnetometer, Burton and Holzer [1974] reported a continuous variation of the wave normal distribution from ≤20°near the equator to ∼90°pointing away from the earth at higher latitudes for unducted chorus and a random distribution of wave normals within a cone of half angle 40°from the ambient magnetic field for ducted chorus. Hayakawa et al. [1984] and Muto et al. [1987] , using the GEOS 2 and GEOS 1 satellite observations respectively, showed that UBC can propagate very close to the local oblique resonance cone res while LBC propagates at relatively small wave normal angles of 5°-40°. Those two studies, by estimating the ratio between total electric and magnetic field intensities or by ray tracing simulations, also suggested that UBC is generated with its wave normal close to res in the vicinity of the magnetic equator by an electrostatic instability. Using the Polar/PWI six-channel wave measurements, Lauben et al. [2002] showed that the chorus emission wave normal angle deduced at the source is systematically related to the frequency band, being ∼0°for UBC and approximately the Gendrin angle G [Gendrin, 1961] for LBC. Breneman et al. [2009] used the CLUSTER observations and reported that both LBC and UBC can be emitted in a broad spectrum of wave normal angles, i.e., LBC tends to be emitted near G and at earthward pointing wave normal angles of between −20°and −30°, while UBC is generally observed at higher wave normal angles between 20°a nd 40°(anti-earthward). Santolík et al. [2009] also analyzed in detail a nightside chorus event observed on board the CLUSTER spacecraft, showing that chorus emissions can be generated at highly oblique angles with respect to the terrestrial magnetic field. More recently, Haque et al. [2010] , using the Polar data, found that UBC wave normal angles tend to remain at or rise toward res for low and midlatitudes but move away from the resonance cone angle at higher latitudes due to strong Landau damping. In contrast, LBC emissions with wave normal angles <20°have the highest probability of occurrence in the latitude range of 10°-50°, with a secondary occurrence peak in the range of 50°-70°in the off-equator latitude range of 10°-25°.
[5] The unresolved controversy over the wave normal angle distribution of chorus emissions raises questions on the commonly adopted assumption of parallel or quasiparallel propagation for chorus waves and adds uncertainty to the appropriate rates of scattering. The differences in reported propagation characteristics for chorus emissions (both lower band and upper band) can introduce considerable changes in the conversion of CRRES observed electric field spectral densities to magnetic field spectral densities, which subsequently influences the quantification of the role of chorus scattering in driving diffuse auroral precipitation. In the present study we start with the statistically averaged electric field spectral densities of nightside chorus obtained from the CRRES observations. By selecting different peak wave normal angles for both LBC and UBC based on previous theoretical simulations and observations, we first compute the corresponding magnetic field spectral densities and use them to model the magnetic field amplitude and wave frequency spectrum for LBC and UBC. Evaluations of bounce-averaged quasi-linear diffusion coefficients are then carried out, using the UCLA Full Diffusion Code (FDC) Shprits and Ni, 2009] , to quantify the effects of chorus wave normal angle distribution on the quantitative contributions of chorus emissions to diffuse auroral precipitation.
CRRES Wave Data and Analysis
[6] Here we use the statistical electric field spectral density data under geomagnetically moderate conditions for LBC and UBC, based on the CRRES observations within the 00-06 MLT sector where the activities for both the waves [e.g., Meredith et al., 2001 Meredith et al., , 2009 Li et al., 2009b] and the diffuse aurora [e.g., Petrinec et al., 1999; Anderson et al., 2001; Newell et al., 2009 Newell et al., , 2010 are most intense. The electric field spectral densities are analyzed respectively within three specified magnetic latitude intervals (|l| ≤ 5°, 5°< |l| ≤ 10°, and 10°< |l| ≤ 15°) for LBC and two latitude intervals (|l| ≤ 5°and 5°< |l| ≤ 10°) for UBC, in steps of 0.1 f ce and 0.1 L. The averaged electric field spectral densities I E at L = 5.9-6.1, shown in the top panels of Figures 1a-1c for LBC and of Figures 1d-1e for UBC, are utilized to construct a model of the chorus magnetic spectral intensity at L = 6 (bottom panels of Figures 1a-1e) at each of the specified magnetic latitude interval, as explained below.
[7] To convert electric field spectral density I E to magnetic field spectral density I B , we apply the Faraday Law,
where n is the refractive index, c is the speed of light, and b is the angle between the wave electric field * E and the wave propagation vector * k. The full cold-plasma dispersion relation for whistler mode waves is used to compute the refractive index n where R, L, P, and S are the Stix parameters [Stix, 1962] and is the wave normal angle. The angle between * E and * k, b, is determined from the dispersion matrix and the Maxwell's equations by 
[8] The variation of b as well as n with wave frequency normalized to f ce at L = 6 is illustrated in Figure 2 : Figures 2a-2b for LBC with four representative peak wave normal angles m = 0°, 20°, 40°and 55°, and Figures 2c-2d for UBC with m = 0°, 20°, 40°and 44°. These peak wave normal angles for LBC and UBC are selected, based on the previous theoretical simulations and observations [e.g., Thorne and Kennel, 1967; Burton and Holzer, 1974; Goldstein and Tsurutani, 1984; Hayakawa et al., 1984; Muto et al., 1987; LeDocq et al., 1998; Hospodarsky et al., 2001; Lauben et al., 2002; Bortnik et al., 2007; Li et al., 2009b; Breneman et al., 2009; Santolík et al., 2003 Santolík et al., , 2009 Haque et al., 2010] , to perform a parametric study and to investigate the sensitivity of chorus-driven diffuse auroral scattering to wave normal angle distribution. The ratio of plasma frequency to electron gyrofrequency is set as 6.4 based on the CRRES observations. For both LBC and UBC, the refractive index increases with increasing wave normal angle at any fixed normalized wave frequency. For parallel propagation * E remains perpendicular to * k (b = 90°) regardless of wave frequency. When chorus waves are oblique, b decreases dramatically with increasing wave normal angle and normalized wave frequency. Moreover, the refractive index for UBC increases monotonously with normalized wave frequency more rapidly at larger wave normal angle. The increase in n is most pronounced when the wave normal angle approaches res , where * E and * k become parallel and the waves become electrostatic.
[9] Based on equations (1)- (3), the magnetic field spectral densities (Figures 1a-1e , bottom panels, dotted curves) are obtained from the observed CRRES electric field spectral densities (Figures 1a-1e , top panels). I B of both LBC and UBC show a pronounced decrease for increasing wave normal angle, due to a combined effect of the increase in n and the decreases in b. A least squares Gaussian fit (Figures 1a-1e , bottom panels, solid curves) is applied to each converted I B by assuming a frequency distribution given by [e.g., Lyons, 1974a Lyons, , 1974b Glauert and Horne, 2005; Ni et al., 2008] 
where f m and Df are the frequency of the maximum wave power and the bandwidth, respectively, f lc (0.05 f ce for LBC and 0.5 f ce for UBC) and f uc (0.5 f ce for LBC and 0.7 f ce for UBC) are the lower and upper cutoffs to the wave spectrum outside which the wave power is assumed to be zero, and A is a normalization factor given by
where B w is the wave magnetic field amplitude and erf is the error function. The 3-min averaged CRRES wave data of use gives us the wave spectral intensities at eight frequencies from 0.15 f ce to 0.85 f ce with an increment of 0.1 f ce . For LBC, there are four points (from 0.15 f ce to 0.45 f ce ) available. To apply the Gaussian fit, we artificially add another point at 0.05 f ce with the wave spectral intensity equal to a tenth of the wave spectral intensity at 0.15 f ce based on the knowledge that LBC wave power is very weak at very low frequencies. For UBC, there are only three points (from 0.55 f ce to 0.85 f ce ) available. Because characteristically there is a gap in wave intensity at half the electron gyrofrequency, we artificially add another point at 0.5 f ce with the wave spectral intensity being a tenth of the wave spectral intensity at 0.55 f ce to apply the Gaussian fit to the UBC spectrum. We note that for the Gaussian fits to Figure 1 . Averaged electric field spectral densities I E (top panels) at L = 5.9-6.1 for lower band chorus within three magnetic latitude intervals of (a) |l| ≤ 5°, (b) 5°< |l| ≤ 10°, and (c) 10°< |l| ≤ 15°, and for upper band chorus within two magnetic latitude intervals of (d) |l| ≤ 5°and (e) 5°< |l| ≤ 10°, based on the CRRES wave observations under geomagnetically moderate conditions. Converted magnetic field spectral densities I B are shown in the bottom panels as dotted curves, corresponding to the indicated color-coded peak wave normal angles m . The modeled Gaussian fits are shown as solid curves.
LBC and UBC spectrum the above treatments follow the characteristic features of chorus measurements [e.g., Burtis and Helliwell, 1976; Meredith et al., 2001] but the choice of a tenth value is rather arbitrary. We have checked the other choices of the relative values (≤0.2) at the artificial frequency points and found that their effects are minor since the wave power within 0.05-0.15 f ce and 0.5-0.55 f ce is relatively small compared to the rest of LBC and UBC wave power. Subsequently, parameters for the Gaussian fits, including the magnetic field amplitude (B w ), normalized peak frequency (f m = f m /f ce ), and normalized bandwidth (Df = Df/f ce ) for LBC and UBC, are averaged over L = 5.9-6.1 and listed in Table 1 for the different choices of peak wave normal angle m . Compared to the parallel propagation case ( m = 0°), the changes in the modeled wave frequency distribution are small for both LBC and UBC. However, the modeled average UBC wave amplitudes for m = 44°are lower than for the field-aligned case by a factor of 2, while the decrease of LBC wave amplitude with increasing m is relatively smaller, by a factor of 1.2-1.7. This difference between UBC and LBC is mainly due to a slower decrease in b with m for LBC.
Resonant Diffusion Rates of Plasma Sheet Electrons
[10] Our computation of bounce-averaged quasi-linear scattering rates includes the contributions from the cyclotron harmonic resonances between N = −5 and N = 5 and the Landau resonance N = 0, using the UCLA Full Diffusion Code (FDC) Shprits and Ni, 2009] . The full cold plasma dispersion relation for a hydrogen plasma is adopted in combination with the relativistic Doppler-shifted resonance condition to determine the resonant frequencies for each resonance harmonic, which are subsequently input into the bounce-averaged quasi-linear diffusion coefficient formulae [e.g., Glauert and Horne, 2005; Albert, 2007] to calculate the net scattering rates. The equatorial electron number density and magnetic field at L = 6 are taken to be 6.5 cm −3 and 127.5 nT, respectively, based on the CRRES moderate-time observations. The wave normal distribution of chorus wave power is assumed to be Gaussian, given by
where m is the peak wave normal angle with maximum wave power, w the angular width, and lc and uc the lower and upper bounds to the wave normal distribution outside which the wave power is zero. In the present study we fix the values of lc (= 0°for both LBC and UBC), uc (= 58°f or LBC and 44°for UBC), and w (= 30°for both LBC and UBC) but vary the value of m to be consistent with the choice of modeled wave power frequency spectrum. The wave power distribution over frequency and wave normal angle is assumed to be constant within each of the specified magnetic latitude intervals. We also assume that the electron density is constant with magnetic latitude and that the magnetic field is dipolar, scaled by the CRRES observed equatorial magnetic field strength. Readers are referred to a number of previous studies [Lyons, 1974a [Lyons, , 1974b Schulz and Lanzerotti, 1974; Glauert and Horne, 2005; Albert, 2005 Albert, , 2007 Albert, , 2008 Shprits et al., 2006a; Summers et al., 2007a] for the formulation of quasi-linear diffusion coefficients in a dipole magnetic field.
[11] Figure 3 shows bounce-averaged pitch angle diffusion rates hD aa i, momentum diffusion rates hD pp i, and mixed (pitch angle, momentum) diffusion rates hD ap i as a function of equatorial pitch angle a eq and electron kinetic energy E k at L = 6 for electrons between 100 eV and 100 keV due to resonant interactions with LBC at the four adopted peak wave normal angles. Pronounced decreases in bounceaveraged diffusion rates for electrons above a few keV are apparent when m varies from 0°to 55°. The loss timescales of these electrons, approximated by the inversion of hD aa i at the edge of equatorial loss cone [e.g., Shprits et al., 2006b; several hours for m = 55°. Pitch angle scattering by more oblique LBC can occur for electrons <∼1 keV, while electrons at these energies are out of resonance for scattering by quasi-parallel propagation ( m = 0°) LBC. In addition, both momentum diffusion hD pp i and mixed diffusion |hD ap i| show a tendency to increase for ∼1-2 keV electrons (mainly due to the Laudan resonance) and a tendency to decrease for higher energy electrons when LBC emissions become more oblique.
[12] A more detailed comparison of LBC scattering rates with respect to the four wave normal angle distributions is presented in Figure 4 for four specified energies from 1 keV to 30 keV. In Figure 4 hD aa i is also compared to the strong diffusion rates D sd , computed using equation (27) of Figure 3 . Bounce-averaged diffusion coefficients at L = 6 (top to bottom, hD aa i, hD pp i, |hD ap i| and sign of hD ap i) as a function of equatorial pitch angle a eq and electron kinetic energy E k for moderate-time lower band chorus corresponding to four wave normal angle distributions with peak wave normal angle m at (a) 0°, (b) 20°, (c) 40°, and (d) 55°. 
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Summers and and shown as horizontal dashed lines. Interestingly, for 1 keV electrons, all three diffusion rates increase with m up to m = ∼40°, despite the decrease in wave magnetic field amplitude. For m = 55°, the scattering rates are smaller than those for m = 40°but still much larger than those for m = 0°. Therefore, variations in wave normal angle distribution are solely responsible for the increases in LBC scattering rates for 1 keV electrons. Two factors contribute to this increase. One factor is that at fixed wave frequency the minimum resonant electron energy decreases for chorus with increased wave normal angle. As a consequence, while 1 keV electrons are just slightly too low in energy to resonate with parallel propagating LBC, increasing the wave normal angle can bring them into resonance with oblique LBC emissions. The other factor is that with larger m more wave power is distributed at intermediate and high wave normal angles so that 1 keV electrons can be subject to efficient scattering by oblique LBC emissions even though B w is weaker than the quasiparallel propagation case. This effect of LBC scattering only occurs for a limited range of energies near 1 keV. For 3 and 10 keV electrons, the scattering rates at lower a eq (<∼30°for 3 keV and <∼60°for 10 keV) decrease with increasing m , due to a combined effect of decrease in wave magnetic field amplitude and variation of wave power distribution over wave normal angle. To differentiate between these two effects we compute the bounce-averaged diffusion coefficients for the four different wave normal angle distributions for a fixed B w , which we set to the value for m = 0°. The results are displayed in Figure 5 and show that there are noticeable changes in diffusion rates over the range 30°-70°f or 3 keV electrons and over 0°-70°for 10 and 30 keV electrons, which are clearly associated with the wave normal angle model and are unrelated to the wave amplitude. Furthermore, use of the larger wave normal angle models tends to extend LBC scattering closer to a eq = 90°, especially for 3 and 10 keV electrons, which further demonstrates that the wave power distribution over wave normal angle plays an important role in the accurate evaluation of LBC-driven diffuse auroral scattering rates. On the other hand, with a fixed B w , the differences in the scattering rates between the four wave normal models for 3-30 keV electrons are greatly reduced, suggesting that the wave magnetic field amplitude is the dominant factor controlling the resonant scattering of >3 keV electrons by LBC. As a consequence, given the electric field intensities, quasi-parallel propagating LBC can cause the scattering loss of these electrons approaching the strong diffusion limit while highly oblique LBC results in lower scattering rates.
[13] Bounce-averaged diffusion rates (hD aa i, hD pp i, and hD ap i) for 100 eV-100 keV electrons due to UBC scattering at L = 6 are presented in Figure 6 , corresponding to four UBC wave normal angle distributions with m = 0°, 20°, 40°a nd 44°, respectively. Considerable decreases occur for all three diffusion coefficients when m varies from 0°to 44°. For the cases with m = 0°and 20°, UBC can cause very efficient pitch angle scattering (on a timescale of hours or less near the loss cone) of plasma sheet electrons from 100 eV to ∼2 keV, covering a broad range of a eq from the loss cone to high angles. In contrast, for highly oblique UBC propagation, the diffusion rates decrease substantially for all considered energies and pitch angles. Efficient pitch angle Figure 4 , except that the adopted lower band chorus magnetic field amplitude is the same as that for m = 0°. Figure 7 , except that the adopted upper band chorus magnetic field amplitude is the same as that for m = 0°.
scattering on a timescale of hours near the loss cone occurs for a smaller population of plasma sheet electrons, confined to a narrower energy range from ∼100 eV to ∼1 keV. Momentum diffusion and mixed diffusion are generally slower than pitch angle diffusion, showing variations with wave normal angle distribution in a manner similar to that for hD aa i.
[14] Figure 7 shows UBC-induced diffusion rates at L = 6 as a function of a eq for four specified energies from 300 eV to 10 keV and compares hD aa i with the strong diffusion rates D sd (horizontal dashed line). Changes in UBC scattering rates due to variations in wave normal angle distribution are substantial, especially when the waves propagate highly obliquely. With the same electric field spectral intensities, moderate-time UBC peaking at m = 0°and 20°c an cause efficient pitch angle scattering (exceeding the strong diffusion rates) near the loss cone for 300 eV and 1 keV electrons. However, highly oblique waves ( m = 44°) would induce precipitation losses below the strong diffusion limit. Although UBC diffusion rates vary markedly with changes in peak wave normal angle, the curves of all three diffusion rates present similar shapes with respect to equatorial pitch angle and the coefficients show a common decreasing trend with increasing m , in a good agreement with the decrease in UBC magnetic field amplitude when m increases. To investigate whether the variations in diffusion rates result from the changes in B w or from the redistribution of wave power over wave normal angle, Figure 8 shows the bounce-averaged scattering rates by UBC computed for the four different wave normal angle distributions for a fixed B w which we set to the value for m = 0°. The differences in scattering rates for increasing m are minor except for 300 eV electrons, suggesting that changes in wave magnetic field amplitude (B w ) play a critical role in quantifying UBCdriven scattering rates and mainly account for the dependence of diffuse auroral scattering by UBC on wave normal angle distribution for given wave electric field intensities.
Discussion and Conclusions
[15] Changes in wave normal angle can alter both the refractive index n and the configuration between the wave electric field E * and the propagation vector k * for both lower band chorus and upper band chorus. Since both LBC and UBC emissions have been reported to propagate over a broad range of angles with respect to the ambient magnetic field, the effects of changes in the wave normal angle should be included for evaluation of chorus scattering rates, particularly when using such data sets as CRRES for which only electric field intensity measurements are originally available, lacking wave normal angle information. Thus, the parallel propagation assumption has been extensively adopted to analyze the CRRES electric field wave data [e.g., Meredith et al., 2003; Ni et al., 2011a Ni et al., , 2011b ] to construct the wave magnetic field model for quantifying the scattering rates.
[16] Our computations of bounce-averaged quasi-linear diffusion coefficients for plasma sheet electrons take into account variations in LBC and UBC wave magnetic field amplitude and frequency spectrum by adopting different peak wave normal angles for statistically averaged electric field intensities observed on CRRES around L = 6. The results show that both LBC and UBC driven diffuse auroral scattering rates, when calculated from electric field measurements, depends sensitively on wave normal angle distribution. For UBC-driven diffuse auroral scattering, there is a good agreement between the decrease in bounce-averaged diffusion coefficients and the decrease in UBC magnetic field amplitude when m increases, suggesting that changes in wave magnetic field amplitude (B w ) play a dominant role in controlling the scattering rates of plasma sheet electrons by UBC, which is also consistent with the finding of Shprits and Ni [2009] . Although the decrease in B w can explain the decrease in LBC scattering rates for 3-10 keV electrons at lower a eq and for 30 keV electrons at intermediate a eq , it cannot explain the increase in LBC scattering rates for 1 keV at all resonant pitch angles, for 3-10 keV electrons at higher a eq , and for 30 keV electrons at lower a eq , which is more likely due to the decrease in resonant energy and the redistribution of wave power over wave normal angle for increased peak wave normal angle. Therefore, LBC driven diffuse auroral scattering tends to respond to variation in wave normal angle distribution in a more complex manner than UBC-driven diffuse auroral scattering.
[17] Increasing m for LBC and UBC can cause the combined (net) pitch angle scattering rates to vary from above the strong diffusion level to below it, thereby altering the loss timescales of plasma sheet electrons and affecting the intensity and MLT distribution of the diffuse aurora and the evolution of electron pitch angle distribution including the formation of electron pancake distributions [e.g., Meredith et al., 1999; Li et al., 2010; Tao et al., 2011a] . Variations in momentum diffusion and cross diffusion associated with variations in wave normal angle distribution can also modify the wave-electron energy transfer processes.
[18] Since Gaussian fits have been extensively and intensively used by numerous previous studies to describe chorus wave power spectrum, we have applied the Gaussian fits to the wave magnetic field spectral intensities converted from the CRRES electric field spectral intensities for calculations of quasi-linear diffusion rates. Our diffusion code (the UCLA Full Diffusion Code Shprits and Ni, 2009] ), similar to the other diffusion codes such as Lyons [1974a Lyons [ , 1974b , Glauert and Horne [2005] , Summers et al. [2007b] , Albert [2005 Albert [ , 2007 Albert [ , 2008 and Xiao et al. [2009] , has implemented the standard method to compute scattering rates by defining the wave power as a Gaussian distribution as a function of frequency. While quasi-linear diffusion calculations with modeled Gaussian spectrum of chorus waves have produced a number of simulation results consistent with observations [e.g., Thorne et al., 2005 Thorne et al., , 2007 Thorne et al., , 2010 Horne et al., 2005; Su et al., 2009] , we have performed a number of test calculations of bounce-averaged diffusion coefficients by applying linear interpolation of wave spectral intensity at resonant frequencies between adjacent observation points of wave frequency instead of using the fitted Gaussian spectrum. Comparisons between the diffusion coefficients obtained using the two different wave spectral intensity profiles (the results not shown) indicate that the scattering rates are similar to each other for both LBC and UBC when electron energy and wave normal angle distribution is fixed and that the changes in diffusion rates due to use of Gaussian spectrum are generally much smaller than those introduced by variations in wave normal angle distribution. A recent survey of the Poynting flux of chorus waves by Santolík et al. [2010] showed a "heavy tail" feature of chorus power spectral densities in terms of probability distributions, which can be modeled by a power law or lognormal model and suggests an alternative for chorus wave power spectrum in our following studies.
[19] In addition, we have utilized the available CRRES wave data sets which have been smoothed by using a running 3-min average to take out the beating effects due to differences in the sampling and the spin rate. As a consequence, the constructed chorus wave model is an average profile without the details of wave packets. To investigate the characteristics of chorus wave packets is outside the scope of this paper and is a very interesting topic that can be left for future studies. However, we have improved the moderate-time nightside chorus wave model by including the latitudinal dependence of wave power. Basically, we have chosen each individual wave profile in any specified magnetic latitude interval by averaging the wave intensities taken over 0.1 L. The average profile is typically calculated from 30-100 individual wave profiles. Therefore, we have a reasonable number of wave events to perform a reliable statistical analysis. On the other hand, Li et al. [2008 Li et al. [ , 2009a , based upon linear growth theory and ray tracing simulations, have shown that the chorus wave rays propagate generally around the same magnetic field line crossing a small range of L, typically DL ≈ 0.2 with the same crossing point at the equator, before the waves are strongly attenuated due to Landau resonance once the wave normal angles exceed 30°at higher latitudes (|l| > ∼5°). Those results suggest that it can be a quite good approximation to assume an extremely narrow L-shell interval for nightside chorus propagation (confined to |l| ≤ 15°) and assume the random-phase interactions between many chorus wave packets and electrons. Even under the situation that the wave packets at different magnetic latitudes originate from different source locations due to the wave propagation properties, it remains feasible to apply quasi-linear formulation for bounce-averaged diffusion calculations to evaluate the average scattering effect of latitudinally distributed chorus emissions under the assumption that these waveparticle interaction processes are additive and independent. While further experimental studies are required to clarify this, the applicability of quasi-linear theory to quantifying scattering rates by combinations of chorus wave packets with small or moderate amplitude have been numerically confirmed by Albert [2010] and Tao et al. [2011b] .
[20] While the presented results concentrate on L = 6 under geomagnetically moderate conditions, our findings are appropriate to LBC-and UBC-driven diffuse auroral precipitation at other L-shells, within other MLT intervals, and under other geomagnetic activity levels. It is also worth noting that cold plasma theory limits whistler mode wave propagation at angles less than res , that is, in an electromagnetic nature. When chorus emissions propagate obliquely very close to res , use of the hot plasma dispersion relation is required for the computation of diffusion coefficients since the waves become quasi-electrostatic or electrostatic, which will be a subject of future research. In addition, a dipole magnetic field model has been adopted for simplicity to compute bounce-averaged quasi-linear diffusion coefficients. Recent studies by Orlova and Shprits [2010] and Ni et al. [2011a] have demonstrated that chorus driven electron scattering rates and the resultant loss timescales at L ≥ 6 on the nightside can significantly depend on the adopted magnetic field model, which requires further investigation to establish a more realistic model of diffuse auroral precipitation by magnetospheric chorus.
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